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Unveiling charge density wave quantum phase transitions by x-ray diffraction
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We investigate the thermal-driven charge density wave (CDW) transition of two cubic supercon-
ducting intermetallic systems Lu(Pt1−xPdx)2In and (Sr1−xCax)3Ir4Sn13 by means of x-ray diffrac-
tion technique. A detailed analysis of the CDWmodulation superlattice peaks as function of temper-
ature is performed for both systems as the CDW transition temperature TCDW is suppressed to zero
by an non-thermal control parameter. Our results indicate an interesting crossover of the classical
thermal-driven CDW order parameter critical exponent from a three-dimensional universality class
to a mean-field tendency, as TCDW vanishes. Such behavior might be associated with presence of
quantum fluctuations which influences the classical second-order phase transition, strongly suggest-
ing the presence of a quantum critical point (QCP) at TCDW = 0. This also provides experimental
evidence that the effective dimensionality exceeds its upper critical dimension due to a quantum
phase transition.
I. INTRODUCTION
Charge-density-wave (CDW) and its relation to super-
conductivity and quantum criticality have been a subject
of intense research in the recent years. In cuprates high-
temperature superconductors, the interplay between the
CDW and superconducting states is a matter of intense
debate and still an open question1–4. Intermetallic com-
pounds displaying a CDW phase transition also shows a
variety of other interesting physical phenomena, such as
superconductivity, which can be enhanced as the charge
instability is tuned to zero by pressure and/or chemical
doping5–9. The suppression of the CDW, which sets in
below TCDW, by a non-thermal control parameter, might
be related with the enhancement/emergence of the su-
perconducting state, associated with quantum fluctua-
tions near a quantum critical point (QCP) in the limit
TCDW → 0. For several CDW systems, however, the
evidence that quantum fluctuation does in fact play an
important role in the suppression of the CDW are not
clear. The observation that the superconducting temper-
ature transition Tc is favoured as TCDW decreases may
be solely related to the closing of the partially gapped
CDW, which increases the density of states at the Fermi
energy N(Ef ) benefiting the superconducting state as
Tc ∝ e−1/[N(Ef)Veff ], where Veff is an effective attrac-
tive interaction7.
Classical thermal-driven continuous or second-order
phase transitions are well known to be defined by an or-
der parameter which has a finite value that continuously
vanishes to zero at a critical point. Though the thermo-
dynamic average of the order parameter is zero above the
critical point, its fluctuations are non-zero, giving rise to
critical phenomena near the phase transition10. These
fluctuations cause a breakdown of the normal macro-
scopic laws and as a consequence, all observables depend
via power laws, which in turn define classical critical
exponents, also known as Wilson exponents11,12. The
set of these critical exponents completely characterizes
the classical critical behavior near the phase transition,
depending only on the dimensionality and symmetry of
the order parameter10. In this way, the microscopic de-
tails of a particular phase transition becomes unimpor-
tant and all physical systems displaying critical behavior
that share the same symmetries and dimensionality, will
also share the same critical exponents, called universality
class, regardless of the specific magnitude and nature of
the microscopic interactions13,14.
Another kind of second-order phase transitions can oc-
cur at T = 0, where a non-thermal control parameter
such as magnetic field, chemical substitution or pres-
sure may drive the system to a critical point, namely a
QCP15. Though one cannot access experimentally T = 0,
quantum fluctuations are known to affect many ther-
modynamic observables well above the QCP. This phe-
nomena has been commonly observed in materials pre-
senting antiferromagnetic11,12,16, spin density wave17 or
superconducting18 phase transitions, in which the order-
ing temperature is suppressed to zero at a QCP by a non-
thermal control parameter. In these systems the presence
of quantum fluctuations is evidenced by the collapse of
the conventional quasi-particle excitations, giving rise to
non-Fermi liquid behavior and unusual power laws of the
observables near the quantum critical region10.
As one approaches a quantum phase transition asymp-
totically, it is possible to describe the quantum critical
behavior classically, since this transition is related to a
classical analog in a different spatial dimensionality10,15.
The effective dimensionality of a quantum phase transi-
tion is given by deff = (d+z), where d is the space dimen-
sion and z is a dynamic critical exponent. If deff is equal
to or exceeds the upper critical dimension d+c = 4 (for
most critical phenomena) all the critical exponents reach
their classical mean-field values10–12,19, for which the or-
der parameter critical exponent is β = 0.514. This is a
direct indication of the increase of deff due to quantum
2fluctuations, while the system’s universality class remains
intact19. This critical behavior has been suggested to
occur in the antiferromagnetic materials MnCl2·4H2O20
and EuTe21.
In this work, we extract the CDW order param-
eter critical exponent β of two cubic superconduct-
ing intermetallic CDW systems, (Sr1−xCax)3Ir4Sn13 and
Lu(Pt1−xPdx)2In as a function of pressure and chemical
substitution respectively, by means of x-ray diffraction
measurements. There are very few cases of CDW order
existing in 3D materials, such as the cubic CuV2S4
22.
Thus, extending the study of the CDW dynamics to other
3D compounds is highly desirable. The CDW order pa-
rameter is proportional to the square root of the CDW
diffraction peak integrated intensity (∝ √ICDW ). By
mapping the temperature dependence of ICDW we ob-
serve that as both systems approach the critical point,
where TCDW → 0, β continuously changes its value from
the expected 3D dimensionality to a mean-field value,
supporting the increase of deff by quantum fluctuations.
This provides evidence for the existence of a QCP in
these intermetallic CDW materials, rather than relying
only on unusual power laws of thermodynamic observ-
ables and/or enhancement of superconductivity.
In the (Sr1−xCax)3Ir4Sn13 cubic compounds (Pm3¯n
space group), pressure and chemical substitution were
combined to suppress the CDW phase and it was argued
that a linear temperature dependence of the electrical
resistivity near the point where TCDW vanishes would
be related with a CDW-QCP, which occurs at a critical
pressure of Pc ∼ 18 kPa5. The same argument was used
for (Sr1−xCax)3Rh4Sn13
6 where the QCP is believed to
be at an optimum substitution of xc = 0.9, though more
recent lattice dynamics studies also show evidence for
quantum criticality23.
For the cubic Heusler Lu(Pt1−xPdx)2In (L21 struc-
ture; Fm3¯m space group), the parent compound LuPt2In
presents a robust partially gaped CDW transition which
sets in at TCDW = 497 K and a superconducting state at
Tc = 0.45 K
7. Increasing the Pd content also enhances
Tc that reaches a sharp maximum at xc = 0.58, where
simultaneously the CDW state vanishes since TCDW is
tuned to zero. Evidences of quantum fluctuations were
seen in unusual power laws of the magnetic susceptibil-
ity, electrical resistivity and specific heat, as the QCP
is approached7. Additionally, neutron diffraction exper-
iments on the parent compound reveal an order param-
eter critical exponent of β = 0.31 ± 0.09, which is the
expected value for a typical three-dimensional universal-
ity class7,14.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of Lu(Pt1−xPdx)2In (x = 0.3,
0.4 and 0.5) were synthesized using an arc-melting fur-
nace under argon atmosphere and pellets were annealed
for 150 h at 750◦C7. An amount of each sample were
grinded and the powder was subsequently annealed for
another 100 h at the same temperature before x-ray
diffraction characterization. Measurements of electron
dispersive spectroscopy were carried out to confirm the
compositions (not shown). Flux-grown single crystals of
Sr3Ir4Sn13 and Ca3Ir4Sn13 were synthesized using Sn ex-
cess, as reported elsewhere24. Phase purity was checked
by conventional powder x-ray diffraction (PXRD) on all
produced samples (not shown). Temperature dependent
four-probe method electrical resistivity were measured
in a Quantum Design PPMS DynaCool for primarily
sample characterization. Synchrotron PXRD measure-
ments on Lu(Pt1−xPdx)2In samples were performed at
beamline XPD of the Brazilian Synchrotron Light Source
(LNLS). The samples were placed in a cold-finger of a
closed-cycle He cryostat. The synchrotron PXRD pat-
terns were obtained by performing θ − 2θ scans and the
intensity was collected using a linear Mythen detector
with an angular window of 3.5◦. The beamline energy
(E) was set to 10 keV. High-pressure single crystal x-
ray diffraction (SCXRD) experiments on Sr3Ir4Sn13 and
Ca3Ir4Sn13 were performed at beamline XDS (E = 20
keV) of the LNLS25 and beamline P07 (E = 98.7 keV)
of the Petra III, DESY26, respectively. For details of the
SCXRD experiments against pressure see Ref. 27.
III. RESULTS AND DISCUSSION
In the x-ray diffraction measurements, the
CDW/superlattice modulation gives rise to satellites
peaks below TCDW, which intensities increase as the tem-
perature decreases. For (Sr1−xCax)3(Ir,Rh)4Sn13 and
other related compounds, it is well established that the
CDW transition doubles the cubic lattice parameter in
respect to the higher temperature phase, with a commen-
surate propagation vector type qCDW = (0.5, 0.5, 0)
27–29.
By analysing the positions of the superlattice satellite
peaks of our PXRD data for Lu(Pt1−xPdx)2In (see Fig.
1), we are able to index these peaks with the same
qCDW = (0.5, 0.5, 0) of (Sr1−xCax)3(Ir,Rh)4Sn13, as also
indicated by inelastic neutron scattering experiments30.
The data also suggests that the modulation vector
remains constant in the whole inspected temperature
range (not shown). A spurious phase Bragg peak was
detected, as previously reported in Ref. 7, most likely
related to the (220) Bragg reflection of cubic LuX3 (X =
Pt, Pd, In) (Pm3¯m space group), with no appreciable
temperature dependence observed.
The intensities of the (4.5, 1.5, 2) superlattice peak at
2θ ≈ 57.4◦ (QCDW ≈ 4.864 A˚−1), studied by synchrotron
PXRD, for Lu(Pt1−xPdx)2In (x = 0.3, 0.4 and 0.5) are
followed as a function of temperature (at ambient pres-
sure) [Figs. 2(a)-(c)]. There is a clear temperature de-
pendence of the intensity of the superlattice peaks, which
disappears at around TCDW. The same behavior, mea-
sured by SCXRD, is seen for the superlattice peaks (3,
2.5, 0.5) of Sr3Ir4Sn13 and (3, 1.5, 0.5) of Ca3Ir4Sn13, at
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FIG. 1: Synchrotron PXRD pattern of Lu(Pt1−xPdx)2In at
T = 17 and 300 K (E = 10 keV). CDW/superlattice diffrac-
tion peaks are indicated by arrows. A spurious phase Bragg
peak marked with ∗ was detected (see main text).
P = 2.9 [Fig. 2(d)] and P = 0.54 GPa [Fig. 2(e)], respec-
tively. Figs. 2(d)-(f) are representative of the behavior
at all pressure range measured for the (Sr,Ca)3Ir4Sn13
materials. As a comparison, we show that the temper-
ature dependence of the (1, 1, 0) Bragg reflection for
Ca3Ir4Sn13 at P = 0.54 GPa [Fig. 2(f)], where no per-
ceivable changes occur as the compound goes through the
CDW transition.
The onset of the CDW order parameter can be di-
rectly tracked by measuring the evolution of the inte-
grated intensity of the superlattice reflection as a func-
tion of temperature. In this way, one may use the power
law ICDW ∝ (1− T/TCDW)2β , fitted around TCDW, to
obtain the CDW order parameter critical exponent β.
This analysis is depicted in Fig. 3 for Lu(Pt1−xPdx)2In
as a function of chemical substitution [Fig. 3(a)], and for
Sr3Ir4Sn13 [Fig. 3(b)] and Ca3Ir4Sn13 [Fig. 3(c)] against
pressure. One can observe that in Sr3Ir4Sn13 the curve
shape does not change drastically by increasing pressure.
In contrast, for Lu(Pt1−xPdx)2In and Ca3Ir4Sn13 a clear
modification of the temperature dependence of the inte-
grated intensity occurs as a function of chemical doping
and pressure, respectively, thus affecting β as it will be
discussed later. These results were obtained on warming
the samples through the CDW/superlattice transition.
We have, in addition, performed measurements on cool-
ing for all samples and no appreciable thermal hysteresis,
within the instrument resolution, was observed, implying
that the CDW phase transition remains second-order as
TCDW → 0.
With TCDW and CDW order parameter critical expo-
nent extracted from the analysis presented in Fig. 3, we
construct the phase diagram shown in Fig. 4(a). Here
we present these parameters on both Lu(Pt1−xPdx)2In
and (Sr,Ca)3Ir4Sn13 cubic compounds. While TCDW
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FIG. 2: Temperature dependence of the superlattice reflec-
tion for selected temperatures. Ambient pressure synchrotron
PXRD of Lu(Pt1−xPdx)2In (4.5, 1.5, 2) reflection for (a)
x = 0.3, (b) x = 0.4 and (c) x = 0.5. Solid lines are Gaus-
sian fits. Representative SCXRD of the superlattice peak of
(d) Sr3Ir4Sn13 (3, 2.5, 0.5) reflection at P = 2.9 GPa and (e)
Ca3Ir4Sn13 (3, 1.5, 0.5) reflection at P = 0.54 GPa. Solid
lines are Lorentzian fits. (f) Temperature dependence of the
(1, 1, 0) Bragg peak for Ca3Ir4Sn13 at P = 0.54 GPa. Solid
line is guide to the eyes.
for Lu(Pt1−xPdx)2In is suppressed to zero by chemical
substitution, the non-thermal control parameter (r) in
(Sr,Ca)3Ir4Sn13 is pressure. In this sense, we have nor-
malized r of both systems by its value when TCDW = 0,
which were extracted from the linear fittings of the phase
diagram in Fig. 4(a). The quantum critical points were
estimated as being, respectively, xc ∼ 0.61 (Pd content)
and Pc ∼ 1.55 GPa. At ambient pressure, Sr3Ir4Sn13
represents a negative pressure of P = −5.2 GPa in re-
spect to Pc of Ca3Ir4Sn13
5. Thus, one can adopt the
|r− rc|/rc ratio to measure the distance to TCDW = 0 for
both systems. In Fig. 4 the QCP is represented when
|r − rc|/rc = 0. Values of |r − rc|/rc > 1 indicate that
the system is far from the QCP, meaning that within the
studied pressure range, Sr3Ir4Sn13 was always in the neg-
ative pressure limit. Fig. 4(b) shows that the CDW order
parameter critical exponent for Sr3Ir4Sn13 stays well in-
side the three-dimensional characteristic value. On the
other hand, for Lu(Pt1−xPdx)2In and Ca3Ir4Sn13, TCDW
could be driven closer to zero. In these latter systems
there is a striking difference of the order parameter crit-
ical exponent dependence on r, in which both start with
β ∼ 0.3, characteristic of three-dimensional universal-
ity classes, and monotonically increases its value towards
β ∼ 0.5.
The monotonic behavior, as shown by Vasin et al.19,
is caused by the fact that the effective dimension has a
dependence of the form deff = d + zΛ(ω/kBT ), where
Λ(ω/kBT ) is a continuous smooth function of the ratio
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FIG. 4: Phase diagram of the Lu(Pt1−xPdx)2In, Sr3Ir4Sn13
and Ca3Ir4Sn13 systems as a function of the control parameter
r, normalized by the critical control parameter rc (see main
text). (a) TCDW against the control parameter, obtained by
x-ray diffraction and electrical resistivity (not shown). Solid
lines are linear fits. Data for LuPt2In is from Ref. 7, ob-
tained by neutron powder diffraction (NPD). (b) CDW order
parameter critical exponent β versus the control parameter.
Solid line is guide to the eyes.
between the classical and quantum scales (see Ref. 19).
In the limit where the frequency of quantum fluctuations
is much lower than thermal fluctuations (ω << kBT ), it
corresponds to the classical thermal-driven second-order
phase transitions. On the other hand, when ω >> kBT
the critical fluctuations has a quantum nature.
The question whether the suppression of TCDW
in Lu(Pt1−xPdx)2In by chemical doping and in
(Sr1−xCax)3Ir4Sn13 by pressure is in fact driving these
systems to a QCP can now be addressed. The change
of the order parameter critical exponent from β ∼ 0.3 to
β ∼ 0.5 is an indication of the effective dimensionality
increase due to quantum critical fluctuations by adding
a dynamic exponent and attaining the condition where
deff = (d + z) ≥ d+c , in which critical exponents reach
its mean-field values10–12,14. This is a direct evidence of
the presence of a quantum phase transition at the QCP
(|r − rc|/rc = 0), where TCDW = 0. While we were
not able to follow TCDW down to very low temperatures,
the increase in the effective dimensionality promotes a
classical-to-quantum crossover in the vicinity of the QCP
that already sets in at appreciable temperatures31. One
may argue that disorder may also affect the critical ex-
ponents, though this would imply in a smeared out QCP,
which is not observed for both systems [Fig. 4(a)]5,7.
By mapping the CDW order parameter critical expo-
nent through a quantum phase transition, one has a more
reliable thermodynamic parameter to attest the domi-
nance of quantum fluctuations. It is yet to be stud-
ied the role of these quantum fluctuations on the su-
perconducting state in these compounds and whether
indeed the presence of a QCP enhances Tc. Neverthe-
less, we clearly show compelling evidence that a quan-
tum phase transition is present in Lu(Pt1−xPdx)2In and
(Sr1−xCax)3Ir4Sn13 systems and offer an opportunity
to explore QCP resulting solely from a tunable, non-
magnetic, structural phase transition.
IV. SUMMARY
In summary, we have studied two cubic super-
conducting intermetallic systems Lu(Pt1−xPdx)2In and
(Sr1−xCax)3Ir4Sn13, which present a vanishing CDW
transition, under chemical doping and pressure, re-
spectively. For both systems we were able to de-
termine the presence of quantum fluctuations due to
a QCP at TCDW = 0, by following the CDW or-
der parameter critical exponent as function of the con-
trol parameter. This approach can be used to ex-
plore other CDW/superconducting compounds, such as
(Sr1−xCax)3Rh4Sn13
6 and R2T3X5 (R = rare-earth ele-
ments; T = transition metal, and X = s-p metal)9, and
test whether the suppression of TCDW leads to a quan-
tum phase transition. The experimental study of quan-
tum criticality would be strengthened by probing directly
the order parameter to gain insights on the role of quan-
tum fluctuations in the physical observables/phenomena
rather than relying only on unusual power laws.
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